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Abstract
We perform a study of the stability of R-parity-conserving vacua of a constrained version of the
minimal supersymmetric model with a gauged U(1)B−L which can conserve R-parity, using homo-
topy continuation to find all the extrema of the tree-level potential, for which we also calculated the
one-loop corrections. While we find that a majority of the points in the parameter space preserve
R-parity, we find that a significant portion of points which na¨ıvely have phenomenologically ac-
ceptable vacua which conserve R-parity actually have deeper vacua which break R-parity through
sneutrino VEVs. We investigate under what conditions the deeper R-parity-violating vacua ap-
pear. We find that while previous exploratory work was broadly correct in some of its qualitative
conclusions, we disagree in detail.
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I. INTRODUCTION
With the discovery of a resonance at 126 GeV at the LHC [1, 2], the interpretation that
it is the Higgs boson of the standard model (SM) raises the issue of the stability of the SM
vacuum [3–7]. Since there is only one field in the SM that can possibly have a non-zero
vacuum expectation value (VEV) (assuming Lorentz invariance), finding the minima of the
potential energy is straightforward, though of course evaluating it to the accuracy required
is quite involved [5–7].
Many extensions of the SM introduce extra scalar fields, and thus could in principle have
many more VEVs. In particular, the minimal supersymmetric extension of the SM (MSSM)
not only introduces complex scalar partners for each SM fermion, it also introduces a second
Higgs SU(2)L doublet. Even only allowing for the neutral components of the Higgs doublets
to gain non-zero VEVs, the vacuum structure is non-trivial. Fortunately, as a particular
case of a two-Higgs-doublet model, there is a proof that at tree level, there are at most two
minima that conserve electric charge [8], and there are analytic formulae to determine which
vacuum has a lower energy at tree level [9].
However, the possibility of VEVs for the scalar partners of the SM fermions, the sfermions,
is a troubling prospect, as all but the sneutrinos are charged under SU(3)c and/or U(1)em,
and thus any VEVs for these scalars are ruled out by these being good symmetries of the
vacuum. Unfortunately, the potential as a function of several scalar fields is so complicated
that even at tree level, finding the global minimum is highly non-trivial, in general [10–
14]. The only tractable approaches thus far have been to investigate the “most dangerous”
possibilities of stop or stau VEVs [12, 15, 16].
Sneutrino VEVs, on the other hand, are not necessarily a problem1. Of course, they would
break R-parity, leading to mixings between SM and SUSY particles carrying the same spin
and SU(3)c × U(1)em quantum numbers, see e.g. [18] and refs. therein. However, in the
absence of baryon-number-violating trilinear couplings in the superpotential, proton decay
would still be perturbatively forbidden. If R-parity is conserved, the lightest supersymmetric
partner (LSP), if uncharged under SU(3)c and U(1)em, could be a perturbatively stable dark
matter candidate [19, 20]. If R-parity is not conserved, the LSP is not absolutely stable,
1 For example, in the case of bilinear R-parity violation, the sneutrino VEVs have to be small to explain neu-
trino data implying that in this model essentially the conclusions concerning the minima of the potential
can be taken over from the MSSM [17].
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but, depending on the size of the sneutrino VEVs, a small amount of R-parity violation
still allows for a metastable LSP to make up the observed dark matter. However, even if
the neutralino is not sufficiently long-lived, another particle like the gravitino [21–25] or the
axion [25–27] could be long-lived enough to serve as dark matter.
The conservation of baryon number B and of lepton number L is only accidental in the
SM, and this conservation through the imposition of R-parity may appear to be rather ad
hoc in the MSSM, since the only difference between a lepton SU(2)L doublet and the Higgs
SU(2)L doublet responsible for mass for the down-type quarks Hd is that Hd is assigned
L = 0 instead of 1. Still, noting that R-parity is defined as (−1)(3B+L−2s) = (−1)(3(B−L)−2s)
if lepton number is integer or half-integer for every field, one may consider a symmetry based
on B − L as a motivated extension.
Adding U(1)B−L as an extension to the SM [28–32] or the MSSM [33–35] has been con-
sidered quite a lot in the literature, as in addition to motivating R-parity, it leads to a
rich phenomenology, and, in some models, naturally leads to type I see-saw mechanisms for
neutrino masses.
The most minimal of such extensions of the MSSM requires superfields with right-handed
neutrinos as fermionic components to cancel gauge anomalies, and their scalar components
provide the VEVs necessary to break U(1)B−L as required by phenomenology. Already such
a model has eight complex scalar fields that in principle could have non-zero VEVs without
breaking SU(3)c or U(1)em, with many possible minima.
Conserved R-parity is still attractive from a phenomenological point of view, since there
are tight limits on many R-parity-violating parameters [36–38]. One can extend the neutral
sector with further superfields with VEVs which break U(1)B−L without breaking R-parity
[33, 35]. However, given the complicated structure of the potential, it is prudent to be
concerned about whether such extensions really do conserve R-parity at their global minima
over relevant parameter ranges.
In the following sections, we investigate how stable R-parity-conserving vacua are in such
a minimal U(1)B−L-gauged extension of the MSSM. In sec. II, we define the model. In sec.
III, we describe how we approach the difficult problem of minimizing such a complicated
potential, including going to the full one-loop potential, since it is well-known that there can
be rather large corrections in the Higgs sector of the MSSM [39–62]. In sec. IV, we present
the results of two scans over phenomenologically interesting regions of the parameter space,
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and in sec. IV A, we compare our results to previous investigations in the literature. Finally,
we sum up in sec. V.
II. THE MODEL
A. Particle content and superpotential
There are several ways to extend the MSSM by U(1)B−L. Here we choose the minimal
extension which allows for a spontaneously broken U(1)B−L without necessarily breaking
R-parity. This requires the addition of two SM gauge-singlet chiral superfields carrying
B − L which may develop VEVs, as well as the addition of three generations of superfields
containing right-handed neutrinos. We refer to this model as the BLSSM.
The BLSSM appears to be a relatively straightforward extension of the MSSM, yet it
has a rich phenomenology, with a Z ′ boson (with prospects for the LHC discussed in [63]),
Majorana neutrinos with see-saw masses, several qualitatively new dark matter candidates
with respect to the MSSM [64], and a rich Higgs boson sector [65]. It also has many
interesting technicalities [66], which are fully explained in [67].
However, all the above works assume that R-parity is conserved. Indeed, the model
was constructed as the minimal extension of the MSSM that includes U(1)B−L as an extra
gauge symmetry, while allowing it to break spontaneously without necessarily violating the
conservation of R-parity. As mentioned in the introduction, VEVs for the scalar partners of
the right-handed neutrinos could break U(1)B−L at the cost of losing R-parity, and aspects
of the LHC phenomenology in the case of broken R-parity are discussed in [68, 69]. The
purpose of this work is to investigate how robustly R-parity is conserved for parameters of
phenomenological interest.
While we refer the reader to Ref. [67] for a full description of the BLSSM and its imple-
mentation in SARAH [70–73] and SPheno [74, 75], for reference we recap the gauge symmetries
and particle content of the model here.
The model consists of three generations of matter particles including right-handed neu-
trinos which can, for example, be embedded in SO(10) 16-plets. For convenience, we refer to
their scalar components as R-sneutrinos. Moreover, below the GUT scale the usual MSSM
Higgs doublets are present, as well as two fields η and η¯ responsible for the breaking of
4
Superfield Spin 0 Spin 12 Generations U(1)Y ⊗ SU(2)L ⊗ SU(3)C ⊗ U(1)B−L
Qˆ Q˜ Q 3 (16 ,2,3,
1
6)
dˆc d˜c dc 3 (13 ,1,3,−16)
uˆc u˜c uc 3 (−23 ,1,3,−16)
Lˆ L˜ L 3 (−12 ,2,1,−12)
eˆc e˜c ec 3 (1,1,1, 12)
νˆc ν˜c νc 3 (0,1,1, 12)
Hˆd Hd H˜d 1 (−12 ,2,1, 0)
Hˆu Hu H˜u 1 (
1
2 ,2,1, 0)
ηˆ η η˜ 1 (0,1,1,−1)
ˆ¯η η¯ ˜¯η 1 (0,1,1, 1)
TABLE I. Chiral superfields and their quantum numbers.
the U(1)B−L. Furthermore, η is responsible for generating a Majorana mass term for the
right-handed neutrinos and thus we interpret the B − L charge of this field as its lepton
number, and likewise for η¯, and call these fields bileptons since they carry twice the lepton
number of (anti-)neutrinos. We summarize the quantum numbers of the chiral superfields
with respect to the model’s gauge group U(1)Y × SU(2)L × SU(3)C × U(1)B−L in Tab. I.
The superpotential is given by
W =Y iju uˆ
c
i Qˆj Hˆu − Y ijd dˆci Qˆj Hˆd − Y ije eˆci Lˆj Hˆd + µ Hˆu Hˆd
+ Y ijν νˆ
c
i Lˆj Hˆu − µ′ ηˆ ˆ¯η + Y ijx νˆci ηˆ νˆcj , (1)
and we have the additional soft SUSY-breaking terms:
LSB =LMSSM −m2η|η|2 −m2η¯|η¯|2 −m2νc,ij(ν˜ci )∗ν˜cj
+
(
T ijν Huν˜
c
i L˜j + T
ij
x ην˜
c
i ν˜
c
j − λB˜λB˜′MBB′ −
1
2
λB˜′λB˜′MB′ − ηη¯Bµ′ + c.c
)
, (2)
with i, j being the generation indices. Without loss of generality one can take Bµ and Bµ′
to be real. The extended gauge group breaks to SU(3)C ⊗ U(1)em as the Higgs fields and
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bileptons receive vacuum expectation values (VEVs):
H0d =
1√
2
(vd + σd + iφd) , H
0
u =
1√
2
(vu + σu + iφu) , (3)
η =
1√
2
(vη + ση + iφη) , η¯ =
1√
2
(vη¯ + ση¯ + iφη¯) . (4)
We define tan β′ = vη/vη¯ in analogy to the ratio of the MSSM VEVs (tan β = vu/vd). For
certain parameter combinations a spontaneous breakdown of R-parity can occur as also
some or all sneutrinos can obtain non-vanishing VEVs [35]. We denote the VEVs for the
sneutrinos of the SU(2)L doublets L˜i by vL,i and those of the SU(2)L singlet sneutrinos ν˜
c
i
by vR,i, with i = 1, 2, 3.
B. Constrained model
We will consider in the following a scenario motivated by minimal supergravity assuming
a GUT unification of all soft SUSY-breaking scalar mass parameters as well as a unification
of all gaugino mass parameters:
m20 =m
2
Hd
= m2Hu = m
2
η = m
2
η¯, (5)
m201 =m
2
D = m
2
U = m
2
Q = m
2
E = m
2
L = m
2
ν˜c , (6)
M1/2 =M1 = M2 = M3 = MB˜′ . (7)
Also, for the trilinear soft SUSY-breaking couplings, we assume the ordinary mSUGRA-
inspired conditions
Ti = A0Yi, i = e, d, u, x, ν . (8)
Furthermore, we assume that there are no off-diagonal gauge couplings or off-diagonal gaug-
ino mass parameters present at the GUT scale, motivated by the possibility that the two
Abelian groups are a remnant of a larger product group which gets broken at the GUT scale,
as discussed in [67], to which we refer the reader for details of the gauge coupling structure.
In addition, we consider the mass of the Z ′ and tan β′ as inputs and use the following set
of free parameters:
m0, M1/2, A0, tan β, tan β
′, sign(µ), sign(µ′), mZ′ , Yx and Yν . (9)
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Yν is constrained by neutrino data and must therefore be very small in comparison to
the other couplings in this model, as required by the embedded TeV-scale type-I seesaw
mechanism, so we take Y ijν = 10
−5δij as its precise structure does not affect any of our
conclusions. Yx can always be taken diagonal and thus effectively we have 9 free parameters
and 2 signs. We denote this constrained version of the BLSSM as the CBLSSM.
III. MINIMIZING THE POTENTIAL
The primary question that we wish to answer is: within the CBLSSM, what portion
of the parameter points which have a phenomenologically acceptable, R-parity-conserving
local minimum of the potential turn out to have a global minimum with different VEVs,
and are there any patterns in the parameters of such points? By “phenomenologically
acceptable”, we restrict ourselves to parameter points which have a local minimum with the
expectation values of the Higgs doublets leading to the correct values for mW and mZ , there
are no tachyons, and no charged or colored scalar has a VEV. Hence any minima that are
“phenomenologically acceptable” and R-parity-conserving have expectation values for the
Higgs doublet fields Hd, Hu and the bilepton fields η, η¯, and no other field has a non-zero
expectation value.
Our method to address this question was as follows: we performed a random scan over a
range of input parameters, constrained to having phenomenologically acceptable, R-parity-
conserving local minima at expectation values for the Higgs doublet and bilepton fields
given as input; we then found all the extrema of the tree-level potential for each parameter
point allowing non-zero sneutrino VEVs; we evaluated the loop-corrected potential at these
points (ensuring that the corrections did not move the minima significantly) and selected
the deepest, and thus can say if the minimum chosen as input was not the global minimum.
A. Generation of parameter points
The package SARAH was used to create a SPheno executable specific to the CBLSSM, which
was used with the SSP package [76] to perform random scans over two different parameter
regions. The first scan, which we refer to as the “democratic” scan, took random values for
each diagonal entry of the R-sneutrino – bilepton Yukawa coupling Yx independently over
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its range. The other, which we refer to as the “hierarchical” scan, kept the (1, 1) and (2, 2)
entries as 10−3 and 10−2 respectively. The hierarchical scan was motivated by the hierarchy
of the quark and charged lepton Yukawa couplings, but is not favored for any other reason.
The ranges of the CBLSSM parameters for each scan are shown in Tab. II.
The mass parameter ranges were chosen to be consistent with non-observation of sparticles
at the LEP and LHC experiments2, while remaining in a region where the LHC may be
able to see some phenomena of the model, while the couplings were chosen to cover the
perturbative range. Thus we generated sets of parameter points over the full region of
phenomenological interest where R-parity is possibly conserved.
In general, picking a set of GUT-scale parameters is very unlikely to result in a potential
which has a phenomenologically acceptable minimum. Instead of wasting time searching
the parameter space for such points, the strategy adopted in SPheno (and others, such
as ISAJET [77], SOFTSUSY [78] and SUSPECT [79]) is to instead fix some parameters (in
our case, µ,Bµ, µ
′, Bµ′) at the SUSY scale, defined as QSUSY =
√
mt˜1mt˜2 , by demanding
that the tadpole equations are satisfied for VEVs given as input (indirectly, by specifying
mZ , tan β,mZ′ , tan β
′). This is sufficient to ensure that the chosen point is an extremum, but
does not guarantee that the extremum is not a saddle point or maximum. Any parameter
points that were found to have such engineered extrema at their input VEVs which were
saddle points or maxima (by the presence of tachyons) were discarded.
B. Finding all the tree-level extrema
As mentioned in the introduction, finding the global minimum of even the tree-level
potential as a function of several scalar fields is highly non-trivial. The Gro¨bner basis
method can be used to find all the minima of a polynomial function, as has recently seen
some discussion in the literature [80, 81]. A less well-known method is that of homotopy
continuation [82, 83], which has found use in several areas of physics [84–86], in particular
finding string theory vacua [87, 88] and extrema of extended Higgs sectors [89], where the
authors investigated a system of two Higgs doublets with up to five singlet scalars in a
general tree-level potential. In contrast, the Gro¨bner basis method is deemed prohibitively
2 As discussed in [63] the bounds on mZ′ are about 300 GeV lower than claimed by the LHC experiments
once gauge kinetic mixing is taken into account properly. For squarks and gluinos we required them to
be above one TeV.
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Parameter Common to both
M1/2 100 – 1000
M0 100 – 3000
A0 -3000 – 3000
tanβ 3 – 45
mZ′ 1500 – 3000
tanβ′ 1.0 – 1.5
Parameter Democratic Hierarchical
Y 11x 0.05 – 0.6 fixed 10
−3
Y 22x 0.05 – 0.6 fixed 10
−2
Y 33x 0.05 – 0.6 0.1 – 0.6
TABLE II. Ranges of parameters used in generating the samples. All dimensionful quantities are
to be read as in units of GeV. The signs of µ and µ′ were fixed to both be positive. The democratic
scan consisted of 2330 points, the hierarchical of 1640 points.
computationally expensive for systems involving more than five or six degrees of freedom
[80], while for our purposes eight to ten degrees of freedom are necessary, and the solutions
for thousands of parameter points needed to be calculated.
The numerical polyhedral homotopy continuation method is a powerful way to find all the
roots of a system of polynomial equations quickly [90]. Essentially it works by continuously
deforming a simple system of polynomial equations with known roots, with as many roots
as the classical Be´zout bound of the system that is to be solved (i.e. the maximum number
of roots it could have). The simple system with known roots is continuously deformed into
the target system, with the position of the roots updated with each step. We made use
of the publically-available program HOM4PS2 [90] to find all the extrema of the tree-level
potential via the polynomial tree-level tadpole equations. The tadpole equations for the
simple case of one generation of sneutrinos with non-zero VEVs are given by eqs. (10)-(15)
below for illustration. For each parameter point, the complete set of tadpole equations for
the appropriate number of allowed non-zero sneutrino VEVs were passed to HOM4PS2, which
provided the VEV configurations of all the solutions of the system of equations.
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1. Tadpole equations
If we consider R-parity violation in the case where only one generation of sneutrino ac-
quires a VEV and restrict ourselves to real parameters, the tree-level potential minimization
conditions, or tadpole equations, are:
td =
1
8
vd
(
g¯gBL
(
− 2v2η¯ + 2v2η − v2R + v2L
)
+
(
g21 + g¯
2 + g22
)(
− v2u + v2d + v2L
))
− 1√
2
vLvRYνµ+ vd
(
m2Hd + µ
2
)
− vuBµ (10)
tu =
1
8
vu
((
− g¯2 − g21 − g22
)(
− v2u + v2d + v2L
)
+ g¯gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+
1
2
(
− 2vdBµ + vLvR
(
2vηYxYν +
√
2Tν
)
+ vu
(
2
(
m2Hu + µ
2
)
+
(
v2L + v
2
R
)
Y 2ν
))
(11)
tL =
1
8
vL
((
g21 + g¯
2 + g22
)(
− v2u + v2d + v2L
)
+ g2BL
(
− 2v2η¯ + 2v2η − v2R + v2L
)
+ g¯gBL
(
− 2v2η¯ + 2
(
v2L + v
2
η
)
− v2R − v2u + v2d
))
+
1
2
(
2m2LvL +
√
2vRvuTν + Yν
(
vL
(
v2R + v
2
u
)
Yν + vR
(
2vuvηYx −
√
2vdµ
)))
(12)
tR =
1
8
gBLvR
(
− g¯
(
− v2u + v2d + v2L
)
+ gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+
1
2
(
2v3RY
2
x + vR
(
− 2
√
2µ′vη¯Yx + 2
(√
2vηTx +m
2
νc
)
+ 4v2ηY
2
x +
(
v2L + v
2
u
)
Y 2ν
)
+ vL
(√
2vuTν + Yν
(
2vuvηYx −
√
2vdµ
)))
(13)
tη =
1
4
gBLvη
(
g¯
(
− v2u + v2d + v2L
)
+ gBL
(
− 2v2η¯ + 2v2η − v2R + v2L
))
+ vη
(
2v2RY
2
x +m
2
η + µ
′2
)
+ vLvRvuYxYν − vη¯Bµ′ + 1√
2
v2RTx (14)
tη¯ =
1
4
gBLvη¯
(
− g¯
(
− v2u + v2d + v2L
)
+ gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
− 1√
2
µ′v2RYx +
(
m2η¯ + µ
′2
)
vη¯ − vηBµ′ (15)
Obviously this is a highly coupled system of cubic equations in the VEVs and can only be
solved by numerical methods. One might be tempted to simplify these equations by using
|vL/vd|, (v2d + v2u)/(v2η + v2η¯ + v2R) 1 to satisfy the phenomenological constraints such as the
required hierarchy of the vector boson masses or neutrino masses. However, for our purposes
we are only allowed to do so to engineer the starting minimum, but have to use the general
formulas to check if the phenomenlogically allowed minimum is indeed the deepest one.
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2. Vacuum expectation value phase rotations
Degenerate lines of minima, corresponding to unconstrained phases of some of the VEVs,
cause problems since the homotopy continuation method maps discrete numbers of solutions
of a simple system to discrete numbers of solutions of the target system. From the physics
point of view this is equivalent to the statement that only phase differences are relevant but
not the phase of a single parameter itself. Already at the level of the superpotential in eq. (1)
it is easy to see that two VEVs in the extended Higgs sector can be chosen real without
changing the phase of a single parameter. We chose to take the VEVs of Hu and η¯ as purely
real, and all other phases to be relative to these3. As we are neglecting the flavour structure
of Yν , we can also choose all vR,i to be real (or equivalently we could take all vL,i real).
If this flavour structure is taken into account, only one of the six sneutrino VEVs can be
taken real in general. However, even assuming that we can neglect flavour mixing in Yν , we
have five real and five complex VEVs, resulting in fifteen real parameters which have to be
calculated by HOM4PS2. Even though it is relatively fast, solving a system with ten degrees
of freedom in typically twenty minutes on a single 3.4 GHz Intel i7 core, it takes about 10
days for the 15 degrees of freedom. For this reason we decided that for the democratic scan,
all the VEVs would be taken to be real. Three points out of the 2330 were found which
had one or more mass-squared that was negative at the deepest extremum found, and these
are taken to have deeper minima where at least one of the VEVs is complex. In all three
cases, at least one sneutrino VEV was non-zero. The hierarchical case can effectively be
treated like a one generation model and here we allowed for complex VEVs. We found in
this case that every minimum with a non-zero imaginary part for any VEV was degenerate
with another minimum of the same parameter point with purely real VEVs, with the same
magnitudes but some different signs. Hence our conclusions would be unchanged if we had
restricted ourselves to purely real VEVs in the hierarchical scan.
3 One could in principle also take in addition the VEVs of of Hd and η to be real be redefining the phases
of µ and µ′. However, as this cannot be done consistently within HOM4PS2 we take them to be complex
and keep the two parameters real.
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C. Loop corrections
Before reaching any conclusion we have to consider the loop corrections to the scalar
potential which are known to be important. The homotopy continuation method allows us
to find all the solutions to the tree-level minimization conditions. However the effective po-
tential at the one-loop level already has a more complicated structure including logarithmic
contributions.
Loop corrections might modify our previous discussion by changing the relative depth be-
tween R-parity-conserving and R-parity-violating minima or promoting a gauge-conserving
minimum to be the global minimum at loop level. It might also happen (although less likely)
that that the nature of the extremum is changed, e.g. a tree-level saddle point becomes a
lower-lying minimum of the effective potential.
In order to assess the effect of loop corrections, we evaluated the one-loop effective po-
tential at all the extrema found by HOM4PS2 for every parameter point. In its more general
form, the expression for the effective potential contains field-dependent masses. As our study
centers around minima for the potential, the field-dependent masses are just the tree-level
masses as function of the VEVs. We chose to remain in the Landau gauge and DR
′
scheme
and follow the results in [91].
Specifically, to evaluate the effective potential for a given set of VEVs we used the ex-
pression:
V 1 = V 0 +
1
16pi2
∑
n
(−1)2Sn (2Sn + 1)
(
m4n
4
[
ln
(
m2n
Q2
)
− 3
2
])
, (16)
where V 0 is the tree-level scalar potential with corrections of the same polynomial form
from the finite parts of the counterterms and n goes over all the real scalar (Sn = 0),
Weyl fermion (Sn =
1
2
) and vector (Sn = 1) degrees of freedom. The mn are the tree-level
masses for a given set of parameters and VEVs at the renormalization scale Q =
√
mt˜1mt˜2 .
The renormalization scale is fixed by the stop masses for the VEV configuration given as
input, and is held fixed for comparison with other VEV configurations, as changing the scale
in evaluating the one-loop potential for different VEV configurations is inconsistent for a
fixed-order calculation [92]. A more detailed formula is given in appendix A.
The masses were evaluated by a routine taking the tree-level expressions from SARAH, in-
cluding the R-parity-violating mixings of neutrinos with neutralinos, charginos with charged
leptons, charged Higgs bosons with charged sleptons and sneutrinos with neutral Higgs to-
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gether with bilepton scalars/pseudoscalars in the presence of sneutrino VEVs. The corre-
sponding formulas are given in appendix B. These masses were then used to calculate the
full effective one-loop potential according to eq. (16).
When the potential is non-convex the conventional loop expansion becomes complex [93].
Specifically, the value of the potential on a saddle point can be interpreted as an amplitude
with a corresponding decay width (its complex part) [94]. It was sufficient to use the real
part of the effective potential to estimate whether a saddle point might have been promoted
to a lower-lying minimum by comparing it with the value of the effective potential in all of
the other minima.
By doing this it was possible to determine whether the hierarchy for the minima found at
tree level was respected once loop corrections are included. We found that loop corrections
have a non-negligible impact to the tree-level conclusions.
When this analysis indicated that a parameter point had a deeper minimum than the
input minimum, we ran the code Vevacious [95] with a model file generated by SARAH to i)
check that the one-loop potential did indeed have a minimum near this VEV configuration
and that it was indeed deeper, using MINUIT [96], and ii) estimate the tunneling time to the
deeper minimum, using CosmoTransitions [97].
IV. RESULTS
In general, each parameter point of our scans had several minima, both R-parity-
conserving and R-parity-violating. We categorized the points by the nature of the lowest of
their minima as in Tab. III, and we present a breakdown of the number of points in each
category in Tab. IV. Every point fell into one of these three categories: e.g. there were no
points which had a global minimum with no unbroken symmetries, and there were no points
which broke R-parity without breaking both SU(2)L and U(1)B−L. As it happens, there
were no “RPC” parameter points in either scan at either tree or one-loop level which had
global minima deeper than the input minima, by which we mean the set of VEVs chosen as
input for SPheno.
The majority of “RPV” points broke R-parity through non-zero sneutrino VEVs, but
there were six points in the hierarchical scan which had one-loop global minima with negative
stop mass-squared, hence we assume that such parameter points have non-zero stop VEVs.
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Categorization Description
“RPC” SU(2)L, U(1)B−L both broken, R-parity conserved.
“RPV” SU(2)L, U(1)B−L both broken, R-parity broken.
“unbroken” Either SU(2)L or U(1)B−L broken but not both, R-parity conserved.
TABLE III. Categorization of parameter points according to the symmetries broken by their global
minima.
Categorization Hierarchical scan Democratic scan
total 1640 2330
tree level one-loop level tree level one-loop level
“RPC” 1422 1275 2236 2167
“RPV” 218 212 94 86
“unbroken” 0 153 0 77
TABLE IV. Number of parameter points in the various categories. All of the parameter points from
both scans categorized as “unbroken” broke SU(2)L without breaking U(1)B−L. Not all parameter
points that are “RPC” at the one-loop level were “RPC” at tree level, and likewise for the “RPV”
category.
We plot them along with the other “RPV” points since they do break R-parity, in addition
to SU(3)c and U(1)em.
The third category, “unbroken”, only appears in the one-loop-level analysis. It is known
that particularly precarious arrangements of parameters that break symmetries sponta-
neously at tree level may not break these symmetries when evaluated at one-loop level [98].
In such cases, the (not obvious) combination of Lagrangian parameters that parameterizes
U(1)B−L-breaking for example may be of the same magnitude as the loop corrections. We
note that all such points that we found had zero sneutrino VEVs.
As can be seen in Figs. 1-4, there are R-parity-conserving points all over the parameter
space. Based purely on a tree-level analysis, one might conclude that there are clear regions
where the BLSSM has a stable, R-parity-conserving vacuum with the correct broken and
unbroken gauge groups. These are, as one might expect, in regions where the R-sneutrino-
bilepton Yukawa coupling Yx is not so large, and the trilinear soft SUSY-breaking parameter
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FIG. 1. Projections into various parameter planes of the 1640 hierarchical scan parameter points,
categorized by the nature of their global minima (see Tab. III) at tree level. “RPC” points are
plotted in green (light grey), and “RPV” points are plotted in red (medium grey). In the plots
on the left, the “RPC” points are plotted on top of the “RPV” points, which are faded (very
light grey), while in the plots on the right the “RPV” points are plotted on top of the “RPC”
points, which are faded (very light grey). (m2ν˜c is the lowest or most negative of the three soft
SUSY-breaking mass-squared parameters for the R-sneutrinos, evaluated at the SUSY scale.)
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FIG. 2. Projections into various parameter planes of the 1640 hierarchical scan parameter points,
categorized by the nature of their global minima (see Tab. III) at one-loop level. As in Fig. 1
“RPC” points are plotted in green (light grey), but now the “RPV” points are in two groups based
on the tunneling time from the “RPC” input minimum to the deeper “RPV” minimum: lower than
one tenth of the age of the Universe as orange (medium-light grey) circles, greater than a tenth
of the age of the Universe as red (medium grey) triangles. “Gauge conserving” points are in blue
(dark grey).
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FIG. 3. Projections into various parameter planes of the 2330 democratic scan parameter points,
categorized by the nature of their global minima (see Tab. III) at tree level. The scheme is the
same as in Fig. 1.
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FIG. 4. Projections into various parameter planes of the 2330 democratic scan parameter points,
categorized by the nature of their global minima (see Tab. III) at one-loop level. The scheme is
the same as in Fig. 2.
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A0 is not large compared to the soft SUSY-breaking scalar mass parameterm0, as, intuitively,
large Yx and A0 can lead to large negative contributions to the potential energy for large
values of vR and vη/η¯, as well as reducing the effective R-sneutrino mass term. Counter to
this, a higher m0 leads to a higher m
2
ν which, if positive, tends to penalize high vR values.
This pattern is seen in both the hierarchical and democratic sets. However, these conclusions
run into trouble when loop corrections are taken into account: the regions where R-parity
appears to be safe at tree level apparently have very finely-tuned breaking of SU(2)L and
U(1)B−L which often does not survive loop corrections. Hence, while parameter points often
preserved R-parity, there are points all over the region where the global vacuum is not the
phenomenologically-acceptable vacuum given as input, and this other vacuum is not trivial
to find. It turns out that besides the known large contributions of third generation sfermions
and fermions, the additional new particles of the B − L sector also play an important role.
The main reason for this is that the experimental bounds require mZ′ to be in the multi-TeV
range, implying that vη and vη¯ are also in this range. For tan β
′ 6= 1 these VEVs give SUSY-
breaking D-term contributions to the masses and, as they are much larger than the MSSM
sector, this results in the observed importance of the corresponding loop contributions.
These contributions are also responsible for the observed restoration of U(1)B−L at the one-
loop level. Moreover, as discussed in [35, 67] at least one entry of Yx has to be large to
achieve the breaking of U(1)B−L. Here we have found that one-loop contributions due to
the additional B − L sector are more important in the hierarchical case, driving a larger
set of points from the global tree-level R-parity-conserving minimum to the global R-parity-
violating minimum at one-loop level. The main reason for this is that now a single entry
has to play the role of the trace and thus is correspondingly larger than the average of the
democratic scan.
A. Comparison with previous work
Previous studies on how much of the BLSSM parameter space conserves R-parity [35]
considered the positivity of all the soft SUSY-breaking mass-squareds of the R-sneutrinos to
be the necessary and sufficient condition. However, as can be seen in Figs. 2 and 4, this is
neither necessary nor sufficient. There are, of course, obvious trends, and parameter points
with very low or negative m2ν˜c are as likely to break R-parity as conserve it, but there are
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clearly parameter points which conserve R-parity despite having a negative m2ν˜c . This can
be understood by the fact that one has to consider the eigenvalues of the mass matrix which
can be all positive because of contributions of the F-terms, D-terms and other soft SUSY-
breaking terms for non-zero bilepton VEVs despite negative m2ν˜c entries. For instance, the
(ν˜c3, ν˜
c
3) element of the tree-level scalar mass-squared matrix is given by
m2(ν˜c3 ,ν˜c3) = m
2
νc +
1
2
(
v2L + v
2
u
) |Yν |2 −√2vη¯< (Yxµ′∗) +√2vη< (Tx) + (2v2η + 3v2R) |Yx|2
+
1
8
(
g¯gBL
(
v2u − v2d − v2L
)
+ g2BL
(
2
(
v2η¯ − v2η
)
+ 3v2R − v2L
) )
. (17)
Parameter points that have all positive m2ν˜c yet still have R-parity-violating global minima
are less surprising, as the presence of trilinear terms obviously could dominate for reasonably
large values of sneutrino and bilepton VEVs.
Furthermore, Ref. [35] concluded that a hierarchical Yx would always break R-parity, be-
cause of the way the couplings enter the RGEs and drive the soft SUSY-breaking sneutrino
mass-squared parameters negative before the bilepton mass-squared parameters, unless all
three generations contribute substantially. The large fraction of “RPC” points in our hier-
archical scan refutes this claim. Such points are harder to find (as evidenced by the smaller
size of the hierarchical scan to the democratic scan), and in some sense rather finely-tuned,
as evidenced by the large fraction of “unbroken” points where loop corrections to the differ-
ences in potential are as large as the differences leading to the breaking of the symmetries at
tree level. Still, almost half of the hierarchical points conserve R-parity even at the one-loop
level.
One should note, however, the different emphasis: we generated points that were na¨ıvely
R-parity-conserving, and explored whether they had global minima elsewhere, which would
break R-parity or not break U(1)B−L or SU(2)L, scanning over both the soft SUSY-breaking
parameters and the additional Yukawa couplings; Ref. [35] explored various GUT-scale pa-
rameter configurations in the Yukawa sector for two points in the soft SUSY-breaking pa-
rameters to see whether RGE running would lead to a negative m2ν . Since we started with
a set of parameters engineered to have an R-parity-conserving local minimum, perhaps it is
not so surprising to find that we did not find as strong a tendency for R-parity violation.
However, we also feel that the criterion used in Ref. [35] is not in perfect correspondance
with whether or not the parameter point breaks or preserves R-parity at its global minimum
at the SUSY scale. Moreover, we have shown that loop effects do play an important role
20
and should not be neglected.
Finally, we examined whether the “RPC” minima of the “RPV” points were long-lived
with respect to the age of the Universe. Unfortunately there seem to be no clear correlations,
as can be seen in Figs. 1 to 4; we note that the SUSY-scale sign of m2ν appears to have little
bearing even on the tunneling time from the “RPC” vacuum to the “RPV” vacuum.
V. CONCLUSION
We have investigated the stability of R-parity in a phenomenologically interesting region
of the parameter space of the BLSSM by considering all the extrema of the tree-level potential
and using the full one-loop evaluation of the potential at its extrema near those of the tree-
level potential. We found that a significant fraction of points that were chosen to conserve
R-parity while having the correct mass for the weak vector bosons actually have global
minima which violate R-parity through non-zero sneutrino VEVs. However, we also found
that more parameter points conserve R-parity than violate it.
We also found that both the conservation and violation of R-parity were possible all
over the parameter space, in contradiction to previous studies, and while trends in the
parameters leading either case are visible, it is difficult to identify in advance what values
of which parameters will lead definitely to the conservation or violation of R-parity.
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Appendix A: The one-loop effective potential
The effective potential at one-loop is calculated by using eq. (16) and reads in its full
form:
16pi2(V 1 − V 0) = −3
(
3∑
i=1
(
m4di
4
[
ln
(
m2di
Q2
)
− 3
2
])
+
3∑
i=1
(
m4ui
4
[
ln
(
m2ui
Q2
)
− 3
2
]))
+
3
2
(
6∑
i=1
(
m4
d˜i
4
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ln
(
m2
d˜i
Q2
)
− 3
2
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+
6∑
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m4u˜i
4
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ln
(
m2u˜i
Q2
)
− 3
2
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+
3
4
(
m4W
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ln
(
m2W
Q2
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+
3
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+
m4Z
4
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ln
(
m2Z
Q2
)
− 3
2
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+
m4Z′
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ln
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Q2
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−
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m2
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13∑
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χ˜0i
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m2
χ˜0i
Q2
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− 3
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+
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4
(
10∑
i=1
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m4hi
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ln
(
m2hi
Q2
)
− 3
2
])
+
10∑
i=1
(
m4
A0i
4
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(
m2
A0i
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− 3
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+
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i=1
(
m4e˜i
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)
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])
. (A1)
The first two lines are the contributions from quarks and squarks which are the same as
for the MSSM. In the third line the loops including the three gauge bosons in the given model
are counted. The fourth line contains the contributions due to the charged lepton-chargino
as well as neutrino-neutralino mixed states. The fifth and sixth lines show the contributions
from charged slepton-charged Higgsino states as well as sneutrino-Higgs states. We have
included formally in the sums the would-be Goldstone-bosons to account for the fact that
potentially the gauge group is broken only partially. This does not result in a double-counting
because, in the Landau gauge, would-be Goldstone-bosons are massless and thus give a zero
contribution to the one-loop effective potential. The tree-level mass matrices where R-parity
violation induces a mixing between SM and SUSY particles are listed in appendix B. For
completeness we note that in addition the sneutrino VEVs give contributions to the mass
matrices of vector bosons and squarks.
Appendix B: Mass matrices
Here we give the tree-level masses suppressing the generation indices of (s)neutrinos and
(s)leptons.
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• Neutrino-Neutralino states
The mass matrix m2χ˜0 is given, in the basis(
λB˜, W˜
0, H˜0d , H˜
0
u, νL, ν
∗
R, η˜, ˜¯η, λB˜′
)
,
by

M1 0 −12g1vd 12g1vu −12g1vL 0 0 0 MBB′
0 M2
1
2
g2vd −12g2vu 12g2vL 0 0 0 0
−1
2
g1vd
1
2
g2vd 0 −µ 0 0 0 0 −12 g¯vd
1
2
g1vu −12g2vu −µ 0 1√2vRYν 1√2vLYν 0 0 12 g¯vu
−1
2
g1vL
1
2
g2vL 0
1√
2
vRYν 0
1√
2
vuYν 0 0 −12(g¯ + gB)vL
0 0 0 1√
2
vLYν
1√
2
vuYν
√
2vηYx
√
2vRYx 0
1
2
gBvR
0 0 0 0 0
√
2vRYx 0 −µ′ −gBvη
0 0 0 0 0 0 −µ′ 0 gBvη¯
MBB′ 0 −12 g¯vd 12 g¯vu −12(g¯ + gB)vL 12gBvR −gBvη gBvη¯ MB′

.
(B1)
• Charged lepton-Charginos
The mass matrix is given, in the basis(
eL, W˜
−, H˜−d
)
;
(
e∗R, W˜
+, H˜+u
)
,
by
m2χ˜− =

1√
2
vdYe
1√
2
g2vL − 1√2vRYν
0 M2
1√
2
g2vu
− 1√
2
vLYe
1√
2
g2vd µ
 . (B2)
• CP even sneutrino-Higgs
In the basis
(σd, σu, σL, σR, ση, ση¯) ,
the entries of the mass matrix read:
mσdσd =
1
8
(
g¯gBL
(
2v2η − 2v2η¯ − v2R + v2L
)
+
(
g21 + g¯
2 + g22
)(
3v2d − v2u + v2L
))
+m2Hd + µ
2
(B3)
23
mσdσu = −Bµ −
1
4
(
g21 + g¯
2 + g22
)
vdvu (B4)
mσuσu = m
2
Hu +
1
8
((
− g¯2 − g21 − g22
)(
v2d − 3v2u + v2L
)
+ g¯gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+
1
2
(
v2L + v
2
R
)
Y 2ν + µ
2 (B5)
mσdσL =
1
4
(
g¯
(
g¯ + gBL
)
+ g21 + g
2
2
)
vdvL − 1√
2
vRYνµ (B6)
mσuσL = −
1
4
(
g¯
(
g¯ + gBL
)
+ g21 + g
2
2
)
vLvu +
1√
2
vRTν + Yν
(
vLvuYν + vRvηYx
)
(B7)
mσLσL = m
2
L +
1
8
((
g21 + g¯
2 + g22
)(
3v2L − v2u + v2d
)
+ g2BL
(
− 2v2η¯ + 2v2η + 3v2L − v2R
)
+ g¯gBL
(
− 2v2η¯ + 2v2η + 6v2L − v2R − v2u + v2d
))
+
1
2
(
v2R + v
2
u
)
Y 2ν (B8)
mσdσR = −
1
4
g¯gBLvdvR − 1√
2
vLYνµ (B9)
mσuσR =
1
4
g¯gBLvRvu +
1√
2
vLTν + Yν
(
vLvηYx + vRvuYν
)
(B10)
mσLσR = −
1
4
gBL
(
g¯ + gBL
)
vLvR +
1√
2
vuTν + vLvRY
2
ν + Yν
(
− 1√
2
vdµ+ vuvηYx
)
(B11)
mσRσR = m
2
νc −
1
8
gBL
(
g¯
(
− v2u + v2d + v2L
)
+ gBL
(
− 2v2η¯ + 2v2η − 3v2R + v2L
))
+
1
2
(
2
(√
2vηTx + Yx
((
2v2η + 3v
2
R
)
Yx −
√
2µ′vη¯
))
+
(
v2L + v
2
u
)
Y 2ν
)
(B12)
mσdση =
1
2
g¯gBLvdvη (B13)
mσuση = −
1
2
g¯gBLvuvη + vLvRYxYν (B14)
mσLση =
1
2
gBL
(
g¯ + gBL
)
vLvη + vRvuYxYν (B15)
mσRση = −
1
2
g2BLvRvη +
√
2vRTx + Yx
(
4vRvηYx + vLvuYν
)
(B16)
mσηση = 2v
2
RY
2
x +
1
4
gBL
(
g¯
(
v2d − v2u + v2L
)
+ gBL
(
6v2η − 2v2η¯ − v2R + v2L
))
+m2η + µ
′2
(B17)
mσdση¯ = −
1
2
g¯gBLvdvη¯ (B18)
mσuση¯ =
1
2
g¯gBLvuvη¯ (B19)
mσLση¯ = −
1
2
gBL
(
g¯ + gBL
)
vLvη¯ (B20)
mσRση¯ =
1
2
g2BLvRvη¯ −
√
2µ′vRYx (B21)
mσηση¯ = −Bµ′ − g2BLvηvη¯ (B22)
24
mση¯ση¯ = −
1
4
gBL
(
g¯
(
− v2u + v2d + v2L
)
+ gBL
(
2v2η − 6v2η¯ − v2R + v2L
))
+m2η¯ + µ
′2
(B23)
• CP odd sneutrino-Higgs
In the basis (φd, φu, φL, φR, φη, φη¯) and using Landau gauge, the nonzero entries of the
mass matrix read:
mφdφd =
1
8
(
g¯gBL
(
2
(
v2η − v2η¯
)
− v2R + v2L
)
+
(
g21 + g¯
2 + g22
)(
v2d − v2u + v2L
))
+m2Hd + µ
2
(B24)
mφdφu = Bµ (B25)
mφuφu = m
2
Hu +
1
8
((
− g¯2 − g21 − g22
)(
− v2u + v2d + v2L
)
+ g¯gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+
1
2
(
v2L + v
2
R
)
Y 2ν + µ
2 (B26)
mφdφL = −
1√
2
vRYνµ (B27)
mφuφL = −
1
2
vR
(
2vηYxYν +
√
2Tν
)
(B28)
mφLφL = m
2
L +
1
8
((
g21 + g¯
2 + g22
)(
v2d − v2u + v2L
)
+ g¯gBL
(
2
(
v2L + v
2
η − v2η¯
)
− v2R − v2u + v2d
)
+ g2BL
(
2
(
− v2η¯ + v2η
)
− v2R + v2L
))
+
1
2
(
v2R + v
2
u
)
Y 2ν (B29)
mφdφR = −
1√
2
vLYνµ (B30)
mφuφR = vL
( 1√
2
Tν − vηYxYν
)
(B31)
mφLφR =
1√
2
vuTν + Yν
(
− 1√
2
vdµ− vuvηYx
)
(B32)
mφRφR = m
2
νc +
1
8
gBL
(
− g¯
(
− v2u + v2d + v2L
)
+ gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+
1
2
(
− 2
√
2vηTx + 2Yx
((
2v2η + v
2
R
)
Yx +
√
2µ′vη¯
)
+
(
v2L + v
2
u
)
Y 2ν
)
(B33)
mφuφη = vLvRYxYν (B34)
mφLφη = vRvuYxYν (B35)
mφRφη =
√
2vRTx + vLvuYxYν (B36)
mφRφη¯ =
√
2µ′vRYx (B37)
25
mφηφη = 2v
2
RY
2
x +
1
4
gBL
(
g¯
(
v2d − v2u + v2L
)
+ gBL
(
2
(
v2η − v2η¯
)
− v2R + v2L
))
+m2η + µ
′2
(B38)
mφη¯φη¯ =
1
4
gBL
(
− g¯
(
− v2u + v2d + v2L
)
+ gBL
(
2v2η¯ − 2v2η − v2L + v2R
))
+m2η¯ + µ
′2
(B39)
• Charged slepton - charged Higgs
In the basis (
H−d , H
+,∗
u , e˜L, e˜R
)
,
the entries of the mass matrix read:
mH−d H
−,∗
d
= m2Hd +
1
8
(
g¯gBL
(
2
(
− v2η¯ + v2η
)
− v2R + v2L
)
+
(
g21 + g¯
2
)(
− v2u + v2d + v2L
)
+ g22
(
− v2L + v2d + v2u
))
+
1
2
v2LY
2
e + µ
2 (B40)
mH−bd H
+
u
=
1
4
g22vdvu +Bµ (B41)
mH+,∗u H+u = m
2
Hu +
1
8
((
− g¯2 − g21
)(
− v2u + v2d + v2L
)
+ g¯gBL
(
2v2η¯ − 2v2η − v2L + v2R
)
+ g22
(
v2d + v
2
L + v
2
u
))
+
1
2
v2RY
2
ν + µ
2 (B42)
mH−d e˜∗L
= −1
2
vdvLY
2
e +
1
4
g22vdvL −
1√
2
vRYνµ (B43)
mH+,∗u e˜∗L
= −1
2
Yν
(
2vRvηYx + vLvuYν
)
+
1
4
g22vLvu −
1√
2
vRTν (B44)
me˜Le˜∗L = m
2
L +
1
8
((
g21 + g¯
2
)(
v2d − v2u + v2L
)
+ g22
(
v2L − v2d + v2u
)
+
1
2
(
v2dY
2
e + v
2
RY
2
ν
)
+ g¯gBL
(
− 2v2η¯ + 2
(
v2L + v
2
η
)
− v2R − v2u + v2d
)
+ g2BL
(
2
(
− v2η¯ + v2η
)
− v2R + v2L
))
(B45)
mH−d e˜∗R
= −1
2
vRvuYeYν − 1√
2
vLTe (B46)
mH+,∗u e˜∗R
= −1
2
Ye
(√
2vLµ+ vdvRYν
)
(B47)
me˜Le˜∗R =
1√
2
(
vdTe − vuYeµ
)
(B48)
me˜Re˜∗R = m
2
E +
1
8
(
−
(
2g¯ + gBL
)(
g¯
(
− v2u + v2d + v2L
)
+ gBL
(
− 2v2η¯ + 2v2η − v2R + v2L
))
− 2g21
(
− v2u + v2d + v2L
))
+
1
2
(
v2d + v
2
L
)
Y 2e (B49)
We write only independent entries as the matrix is hermitian thus m2ij = (m
2
ji)
∗.
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